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The proton–carbon polarization exchange in Lee–Goldburg cross-polarization magic angle
spinning ~LG-CP MAS! nuclear magnetic resonance experiments on uniformly13C-labeled
compounds at high spinning frequency is studied. It is shown that the multiple carbon labels in the
samples greatly influence the spin dynamics during the LG-CP mixing times. The zeroth order
effective LG-CP MAS spin Hamiltonian is a sum of zero quantum dipolar interaction terms. These
pairwise dipolar terms generally do not commute with each other, making it impossible to factorize
the evolution operator. Consequently, the frequencies of the dipolar oscillations as well as the
polarization transfer amplitudes become strongly dependent on the configuration of the spins
involved in the multiple heteronuclear couplings. The strong carbon–proton couplings usually
attenuate polarization transfers between weakly coupled spins. In practice, this implies that except
for strongly coupled or isolated heteronuclear13C–1H spin pairs, it is difficult to unambiguously
extract structural constraints from experimental data. To better understand the complexity of the
LG-CP processes, experiments on simple three- and four-spin systems are simulated and analyzed.
More specifically, it is shown that in13CH–13CH and13CH2–13C spin systems, a significant amount
of the proton polarization can be transferred to both carbons, despite the fact that the individual
proton–carbon heteronuclear couplings between each proton and the carbon spins are very different.
The dependence of the polarization transfer on the position of the proton carrier frequency is
analyzed and it is shown that by an appropriate choice of this frequency, specific polarization
transfer pathways can be selected. Experimental results from@U–13C# tyrosine.HCl and@U–13C,
15N] histidine.HCl.H2O samples are in satisfactory agreement with simulations. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1517299#

I. INTRODUCTION

Cross polarization1 ~CP! is one of the main components
of almost all solid state NMR experiments. The combination
of the CP methodology with magic angle spinning2,3 ~MAS!
and high power heteronuclear decoupling,4 in particular, two
pulse phase modulation~TPPM! decoupling,5 makes it pos-
sible to obtain high resolution13C and15N spectra.

Historically, the cross polarization exchange process in
static solids has been described from a thermodynamic point
of view.6,7 This description was extended to high spinning
CPMAS experiments by Meier.8 Recently, a different ap-
proach for analyzing the cross polarization process has been
investigated, based on the coherent time evolution of a spin
system consisting of a single carbon spin coupled to many

protons.9 Signal enhancements were evaluated10 by follow-
ing the spin dynamics in these multispin systems under mod-
erate and fast sample spinning, and the results agreed well
with experimentally observed signals.11,12

This approach proved to be particularly valuable for in-
terpreting the Lee–Goldburg decoupled version of the cross-
polarization experiment ~LG-CP!. In this experiment,
proton–proton interactions are largely suppressed by apply-
ing an off-resonance RF field that results in an effective field
pointing along an axis tilted by the magic angle with respect
to the direction of the external field.13 At the same time, the
heteronuclear carbon–proton dipolar interaction is reintro-
duced via a Hartmann–Hahn condition imposed on the ef-
fective RF fields experienced by the nuclei.14 In particular,
van Rossumet al.11 applied LG-CP to measure C–H interac-
tions in a uniformly13C-labeled tyrosine sample by analyz-
ing CH buildup curves. An easy interpretation of such data is
only possible for strongly coupled or spatially isolated CH
spin pairs. In other cases the spin dynamics are more com-
plicated and should be analyzed by considering larger spin
clusters.
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The LG-CP spin dynamics in naturally abundant alanine
is described in Ref. 12, where it is shown that for the suc-
cessful interpretation of the experimental carbon signal en-
hancements, it was indeed necessary to consider multiple
carbon–proton interactions. However, a relatively small
number of protons was sufficient to describe the carbon–
proton spin dynamics. By and large six protons coupled to
one carbon are enough to adequately characterize the polar-
ization of carbons at natural abundance.

The situation becomes much more complicated in uni-
formly 13C-labeled systems, where the spin system becomes
a continuous network of dipolar-coupled heteronuclear-spins.
Strongly coupled13C– H spin pairs can be in proximity to
each other, and the time-dependent growth of each carbon
signal can be influenced by proton–carbon interactions with
adjacent spin pairs. Effects of this type were first observed
experimentally by van Rossumet al.11 and are analyzed
theoretically here.

Note that some of the effects observed in these experi-
ments, as well as in Ref. 12, are a manifestation of dipolar
truncation previously observed in homonuclear recoupling
experiments.15–19 This truncation causes a reduction of the
polarization transfer efficiency between weakly coupled
homonuclear spin pairs, when at least one of the interacting
spins is strongly coupled to a third spin. These and similar
effects were observed and analyzed by Costa,15 Howhy
et al.,16 Brinkmannet al.,17 Glaseret al.,18 and Hodgkinson
et al.19

Herein, we will focus on the multispin dynamics occur-
ring during LG-CP experiments.11 At sufficiently high spin-
ning frequencies the proton–carbon polarization transfer can
be adequately described by an effective time-independent
zero-quantum~ZQ! heteronuclear dipolar Hamiltonian.12

Fourier transformation of the carbon buildup results in CP-
line-shapes with spectral singularities that are characteristic
for the strongest carbon–proton interactions in the spin
system.11

We will show that the behavior of the carbon signals is a
manifestation of the coherent nature of the polarization trans-
fer processes during the LG-CP process. Although all experi-
mental data are analyzed using simulations, the main features
of the spin dynamics are retained in small three-spin and
four-spin systems. Our analytical description will therefore
mainly concentrate on analyzing small spin systems that can
be solved either precisely or with some reasonable approxi-
mations. The details of the theoretical calculations are pre-
sented in the EPAPS material,33 whereas the results are dis-
cussed in the main text in the context of the experiments.

II. EXPERIMENTAL AND SIMULATIONS

The pulse sequences used for our 2D and 3D experi-
ments are shown in Fig. 1. Figure 1~a! represents the pulse
sequence of the basic LG-CP experiment. Here, the first
‘‘magic’’ pulse aligns the proton magnetizations in the direc-
tion of the LG effective field. These magnetizations are then
locked along that direction, while a RF field is applied to the
carbons satisfying the first Hartmann–Hahn condition. A
schematic representation of the 3D LG-CP MAS experiment
is shown in Fig. 1~b!. In this experiment the proton magne-

tizations are first flipped down by a 90° pulse to a direction
perpendicular to the effective phase modulated Lee–
Goldburg~PMLG! field and then allowed to evolve during a
time t1 according to their scaled chemical shift values. Dur-
ing this evolution the homonuclear proton–proton dipolar
couplings are suppressed by either PMLG~Refs. 20–22! ir-
radiation with 9 pulses per half a cycle~PMLG-9! or fre-
quency switched Lee–Goldburg~FSLG! irradiation.23,24Fol-
lowing the evolution in the t1-domain, the proton
magnetizations are brought first to thexy-plane and then one
of their components is locked in the direction of the effective
LG proton field. During the LG-CP periodt the LG RF field
markedly suppresses the homonuclear dipolar couplings and
the growth of the carbon polarization is solely governed by
the heteronuclear proton–carbon dipolar interaction.

The spectra were acquired on a DSX-300 and a DRX-
600 Bruker spectrometer equipped with 4 mm double reso-
nance Bruker probes. The experiments at 300.13 MHz proton
field were performed on a sample of@U–13C, 15N]
histidine.HCl.H2O, and the PMLG-9 sequence was used for
the homonuclear decoupling. The experiments at 600.13
MHz were performed on a sample of@U–13C# tyrosine.HCl
with FSLG as the decoupling scheme. The spinning frequen-
cies used during the experiments were 10 kHz on the DSX-
300 spectrometer and 12 kHz on the DRX-600 spectrometer.
For achieving betterB1 homogeneity, the samples were con-
fined to the middle part of the rotor by spacers.

The experimental parameters for the measurements on
the DSX-300 spectrometer are as follows. The proton power
for the PMLG-9 homonuclear decoupling was 81 kHz and
the pulses had a length of 1.1ms. The phases of these pulses
are given elsewhere.20 The proton and carbon RF powers
used for the LG-CP experiments were 78.77 kHz and 85.9
kHz, respectively. The experimental parameters for the mea-
surements on the DRX-600 spectrometer were reported
previously.11

The phases of the~pre-LG-CP! 90° –um pulse and the

FIG. 1. Pulse sequences for 2D LG-CP~a! and 3D LG-CP~b! experiments.
The phases of the 3D LG-CP experiment werew15x, w25y, w352y,
w45x, andw55x. The phases of the pre-LG-CP pulse (w3) and the LG-CP
proton locking pulse (w4) were incremented according to the TPPI scheme.
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LGCP proton-locking pulse were varied according to the
standard time proportional phase incrementation~TPPI!
scheme.25 13C LG-CP buildup curves were deduced from
Fourier transformed 2D experimental spectra by evaluation
of the volume integrals of individual1H–13C cross peaks.

The numerical simulations were performed using the
SIMPSON ~Ref. 26! and SPINEVOLUTION ~Ref. 27! software
packages. For the analysis of the experimental data the
atomic coordinates of histidine.HCl.2H2O and tyrosine. HCl
were downloaded from the Cambridge Database, and the
chemical shift values were taken from the 1D proton and
carbon spectra.

III. THEORY

A. The zero order spin Hamiltonian

In our discussion we will use the operatorsI p and Sp ,
with p5x,y,z, denoting proton and carbon spin operator
components, respectively. The rotating frame LG-CP MAS
Hamiltonian, which describes the cross-polarization process
in an I kSm system ofk protons I 51/2 and m carbonsS
51/2, can be written as

H~ t !52v1I I x1(
i

Dv i I iz2v1SSx1(
i , j

bi j ~ t !I izSjz .

~1!

The first two terms represent the RF irradiation field and
the off-resonance values of the protons, respectively, and the
third term is the RF field on the carbons at resonance. The
last term describes the heteronuclear proton–carbon interac-
tions with coefficients that are time-dependent due to sample
spinning. Assuming that the homonuclear carbon–carbon in-
teraction terms are small compared with the carbon RF field
and are averaged by the sample spinning, and that the carbon
offset terms are also much smaller than this RF term, these
two interactions can be omitted from the Hamiltonian. The
bi j (t) coefficients are proportional to the heteronuclear dipo-
lar coupling parametersvd

( i , j )5(m0/4p)(gCgH\/r i j
3 ) and

can be expressed as28

bi j ~ t !52vd
( i , j ) (

n522

2

Gn
( i , j ) exp$ invRt% ~2!

with Gn
( i , j ) geometric coefficients depending on polar angles

u i j of the distance vectorr i j , connecting the positions of the
interacting spins in the rotor frame, and on the magic angle
um554.7°.

The v1I andv1S values in Eq.~1! must fulfill two con-
ditions: the LG condition, requiring that the proton off-
resonance value isDv i5v1I tan21 um, assuring suppression
of the homonuclear proton–proton dipolar couplings, and the
Hartmann–Hahn condition, requiring that the effective field
veff i5Av1I

2 1Dv i
2 on the protons is different from the RF

field on the carbons by an integer numbern times the spin-
ning frequencyveff i2v1S5nvR, with n522,21,1,2. This
enables an efficient polarization transfer between proton and
carbon spins. However, these conditions cannot be fulfilled
simultaneously for all protons due to their chemical shift
dispersion. A slight deviation from the LG condition reintro-
duces some small effective homonuclear proton–proton in-

teractions. However, this does not have an appreciable effect
on the LG-CP buildup curves at high spinning frequencies,
as was shown earlier.12 It is therefore reasonable to ignore
the proton–proton interactions in Eq.~1!. It is impossible to
satisfy the Hartmann–Hahn condition for all protons at the
same time, since the effective fields experienced by protons
with different chemical shifts are dissimilar. As will be dis-
cussed later, these mismatched conditions will have a signifi-
cant effect on the signal enhancement of carbons in weakly
coupled heteronuclear spin pairs. To describe these effects,
we introduce an average offset valueDv5v1I tan21 um that
is determined byv1I according to the exact LG condition,
and a set of off-resonance deviationsdv i5Dv i2Dv. The
average effective proton fieldveffI points in the direction of
the magic angle in theDv-rotating frame and satisfies the
Hartmann–Hahn condition,

Av1I
2 1Dv25veff I5v1S1nvR . ~3!

Thus, the deviation from the exact matching condition for
each proton is solely determined by itsdv i value. Assuming
that thedv i off-resonance deviations are much smaller than
the averageDv offset value, the protons with specificdv i

values will be mismatched from the HH condition by an
amount;cosumdvi .

In the doubly tilted frame of the off-resonance valueDv,
where the average effective fields are pointing in the
z-direction, the Hamiltonian has the form

H0~ t !5(
i , j

2veff I I zi2v1SSz j2dv i~sinumI ix2cosumI iz!

1sinumbi j ~ t !I ixSjx2cosumbi j ~ t !I izSjx . ~4!

To derive a zero-order average Hamiltonian from Eq.~4!, we
first transformH0(t) to the interaction frame, defined by the
transformation operator

U~ t !5exp$2 i ~veff I I z1v1SSz!t%. ~5!

In this interaction representation all dipolar terms oscillate
with frequenciesnvR6v1S or nvR6(veff I6v1S), the I ix

off-resonance terms oscillate withveff I and theI iz terms stay
time-independent. At one of the Hartmann–Hahn conditions,
veff I2v1S5nvR, some of these terms become time-
independent and take the form

H̄5(
i , j

H̄ i j 1(
i

dv i cosumI iz ,

H̄ i j 5
vd

( i ,i ) sinum

4
Gn

( i , j )@ I i
1Sj

2 exp~ inf i !

1I i
2Sj

1 exp~2 inf i !#. ~6!

The spin dynamics of theI nSm system will primarily
be governed by this average Hamiltonian as long as the
spinning frequency is sufficiently high,vR@~vd

( i , j )uGn
( i , j )u

/4)sinum, and dv i!Dv. Thus during the LG-CP mixing
time t of the 3D LG-CP experiment, the Hamiltonian of Eq.
~6! can be used to estimate the flow of polarization between
the spins. For eacht value a 2D13C–1H chemical shift
correlation spectrum can be generated with cross peaks at

5549J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Fast magic angle spinning



(v i
I , v j

S), wherev i
I andv j

S are the chemical shifts of theI
andS-spins, respectively. These 2D spectra allow us to sepa-
rate the contributions of different protons to the initial den-
sity matrix att50. The buildup of the cross peak (v i

I , v j
S),

governed by the effective HamiltonianH̄ in Eq. ~6!, corre-
sponds to the polarization transfer from the protoni to the
carbon j . For each t value the integrated intensities
Si j (v i

I ,v j
S ;t) of the cross peaks at positions (v i

I , v j
S) in the

2D spectra are equal to12

Si j ~v i
I ,v j

S ;t!5g IE dV tr$exp$2 iH̄ t%I iz exp$ iH̄ t%Sjz%,

~7!

where the integral is over all possible crystal orientations.
These intensities form the individual proton–carbon LG-CP
buildup curves. The sum of these curves along the proton
chemical shift dimension, i.e., the sum of all buildup curves
originating from different protons and contributing to the
same carbon, corresponds to theSj -signals measured in 1D
LG-CP MAS experiments (t150) as

Sj~v j
S ;t!5(

i
Si j ~v i

I ,v j
S ;t!. ~8!

The spin pair interaction termsH̄ i j of the dipolar Hamil-
tonian in Eq.~6! with one common spin index do not com-
mute with one another. As a result, the propagator governing
the polarization transfer between theI i and Sj spins cannot
be factorized and the fullH̄ Hamiltonian must be diagonal-
ized to calculate Eq.~7!. In natural abundance samples these
proton–carbon polarization cross-peak intensities of powder
samples can be evaluated by considering only a small num-
ber of the nearest neighboring protons of each carbon. In
fully 13C-enriched compounds, the situation is more compli-
cated, and a comprehensive description of the multispin dy-
namics may require calculations involving large spin clus-
ters. It turns out, however, that in this case the main features
of the LG-CP polarization transfer process can still be ex-
plained considering small spin systems and can be evaluated
analytically or with the use of perturbation theory.

In the following sections we will discuss some LG-CP
experiments on small spin systems. First we will consider the
three-spin system$13CH–13C%, and then highlight some sig-
nificant changes in the spin dynamics, when a proton is
added as in the$13CH–13CH% and $13CH2–13C% spin sys-
tems. Finally, the influence of the off-resonance term in the
Hamiltonian in Eq.~6! will be discussed. The forthcoming
calculations are presented in some detail in order to provide
basic insight into the LG-CP spin-dynamics. For simplicity,
we have assumed that all interactions in the Hamiltonian in
Eq. ~6! are real. The actual experimental results will, how-
ever, be analyzed by numerical simulations, taking into ac-
count all experimental parameters.

B. The three-spin system ˆ

13CH– 13C‰

Let us consider a13C atom next to a13CH group and
ignore the proton off-resonance term in the three-spin aver-
age HamiltonanH̄ in Eq. ~6!. The influence of this term will
be discussed at a later stage. For simplicity we will also

assume that the dipolar coefficientsdi j are real. At one
of the Hartmann–Hahn conditions this Hamiltonian for
$13C(1)H(1)–13C(2)% can be written as

H̄5H111H125d11~ I 1S1
21I 2S1

1!1d12~ I 1S2
21I 2S2

1!, ~9!

whered11 andd12 denote the effective heteronuclear dipolar
couplings between the proton and carbon-1 and carbon-2,
respectively. To conveniently represent this Hamiltonian, we
rewrite it in terms of the fictitious spin-1/2 operators29,30 de-
fined in the basis set of eight product states,

u1&5uaHa1a2& u2&5uaHb1a2& u3&5ubHa1a2&

u4&5uaHa1b2& u5&5ubHa1b2& u6&5uaHb1b2&

u7&5ubHb1a2& u8&5ubHb1b2&, ~10!

and Eq.~9! becomes

H̄52d11~ I x
231I x

56!12d12~ I x
341I x

67!. ~11!

The exact diagonalization of this Hamiltonian and the calcu-
lation of the carbon signals are carried out in the EPAPS
material.33 It is, however, more instructive to transform the
Hamiltonian into a frame in which one of the two-spin terms
becomes diagonal. When the proton is closer to carbon-1
than to carbon-2, we can expect that in most of the crystal-
lites d11.d12. It is then convenient to diagonalizeH̄11 first
and treatH̄12 as a perturbation.

The diagonalization ofH̄11 is readily accomplished
by applying a rotation defined by an operatorD
5exp$2ip/2(I y

231I y
56)%. In this new frame the Hamiltonian

gets the form,

H̄52d11~ I z
231I z

56!1&d12~ I x
341I x

671I x
241I x

57!, ~12!

where the statesu2&,u3& andu5&,u6& become the linear com-
binations of the product spin states 1/&$u2&6u3&% and
1/&$u5&6u6&%, respectively. Thed11 part of the Hamil-
tonian becomes diagonal, whereas all elements proportional
to d12 remain off-diagonal. The energy levels of this Hamil-
tonian are shown schematically in Fig. 2, withE15E45E7

5E850 andE25E552E352E65d11. In this new repre-
sentation the operator corresponding to proton polarization,
representing the initial state of the system, becomes partially
off-diagonal

I z85I z
181I z

472I x
231I x

56, ~13!

and so does the operator representing polarization of the first
carbon

S1z8 5I z
181I z

471I x
232I x

56. ~14!

The contributionsI x
23, I x

56 do not commute with the diagonal
part of the Hamiltonian and will lead to the oscillation terms
determined by thed11 dipolar coupling alone. This is sche-
matically represented in Fig. 2~a!. The polarization operator
of the second carbon commutes with the transformation op-
eratorD, and therefore remains the same

S2z8 5I z
341I z

251I z
182I z

67. ~15!

5550 J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Ladizhansky et al.



Obviously, it commutes with the dominant diagonal part of
the Hamiltonian in Eq.~12! and no polarization is generated
on the second carbon.

The off-diagonal terms in Eq.~12! have a minor influ-
ence on the diagonalization of the Hamiltonian whend12

!d11. Taking into account only the first nonvanishing cor-
rection, the Hamiltonian can be approximated by

H̄52S d111
d12

2

2d11
D ~ I z

231I z
56!. ~16!

This same perturbation creates corrections to all three polar-
ization operators in Eqs.~13!–~15!. The magnitudes of these
corrections are proportional to the square of the ratio of the
dipolar couplingsd12

2 /d11
2 . The correctedS2z8 operator has

off-diagonal elements connecting states 2 and 3, 5 and 7, as
well as 4 with 2 and 3, and 7 with 5 and 6, as shown in Fig.
2~b!. They do not commute with the Hamiltonian in Eq.~16!,
and will acquire a time dependence. The operatorsI z8 andS1z8
stay almost intact, with off-diagonal elements between 2 and
3, and 5 and 7. Thus only off-diagonal elements between 2
and 3, and 5 and 7 contribute to the time-dependent part of
the observables, resulting in signals oscillating with the same
frequency, 2(d111d12

2 /2d11), for both carbons. The ampli-
tude of the oscillation in the signal time dependence will be
proportional to the squared ratio of the dipolar couplings.

In the EPAPS material, the exact expressions for the two
carbon signals for a crystallite, with an orientation defined by
a set of Euler anglesV, are calculated analytically, with the
results;

S1~t!/S0
(1)5

g I

4gS
~11cos 2w~V!!$12cos 2d̄~V!t%,

~17!

S2~t!/S0
(2)5

g I

4gS
~12cos 2w~V!!$12cos 2d̄~V!t%

with

d̄~V!5Ad11
2 1d12

2 and tanw~V!5
d12

d11
. ~18!

The signals are normalized with respect to S0
( i ) : the intensi-

ties of the carbon signals after a singlep/2 excitation pulse.
Both signals oscillate with the same frequency. The impor-
tant feature of Eq.~17! is that not only the signal frequencies
depend on the dipolar couplings but their amplitudes as well.
The ratio between these amplitudesR5(11cos 2w(V))/(1
2cos 2w(V))5 d11

2 /d12
2 is a function of the relative magni-

tudes of the effective dipolar interactions for a given crystal-
line orientation. When the spin configuration corresponds to
a 13C ~carbon-2! weakly coupled to a13CH group~carbon-1!,
with d11@d12, w~V! tends to zero and almost all polarization
goes to the first carbon. This leaves the second carbon only
weakly polarized, as predicted by perturbation theory. In the
intermediate case whend11'd12 the total intensity is shared
almost equally between the two carbons. In a powder sample
the ratio between the leveling-off values of the carbon sig-
nals is a function of its structural conformation. It has a
complex dependence on the proton–carbon distances and the
relative orientations of the dipolar vectors. In a collinear con-
formation this ratio is proportional to the sixth power of the
distance ratio, whereas for other conformations this power is
,6.

The proton polarization oscillates during the mixing time
according to

SH~t!/S0
H5Tr~exp$2 iH̄ t%I z exp$ iH̄ t%!

5 1
2 ~11cos 2d̄~V!t!. ~19!

This signal is independent of thew -angle and oscillates with
the same frequency 2d̄(V) as the carbon signals.

The time dependence of the carbon LG-CP signals in Eq.
~17! is a result of the coherent evolution of the spin system.
Furthermore, this result shows that a carbon located close to
a proton reduces the amount of proton polarization being
transferred to other and more remote carbons. To verify this
conclusion, we performed exact powder simulations for two
model spin systems:~i! a carbon–proton spin pair,
$H–13C(2)% with a carbon–proton distance of;2.1 Å, and
~ii ! the same carbon–proton pair with the addition of a car-
bon close to the proton$H13C(1)–13C(2)% with a H–13C(1)

separation of only;1 Å. The signals of carbon13C(2) are
plotted in Fig. 3. In the spin pair case the carbon polarization
reaches a value approaching 0.5g I /gS . The amount of po-
larization transferred to this carbon is much reduced when
another strongly coupled carbon is added to the spin system.
We can therefore expect that the H–13C(1) cross peak in a
LG-CP 2D HETCOR spectrum will be much stronger than
the H–13C(2) cross peak.

C. The four spin system ˆ

13CH– 13CH‰

The situation changes when two13CH groups are
coupled like in the$13C(1)H(1)–13C(2)H(2)% system. Here,
two additional heteronuclear proton–carbon interaction
terms must be added to thed11 and d12 interactions in Eq.

FIG. 2. An energy level diagram demonstrating the perturbation theory
treatment of the three-spin system$13C(1)H(1)–13C(2)% with a Hamiltonian
given in Eq. ~11!. The energy level diagram shown in~a! represents the
Hamiltonian in the eigenbasis set of the strong13C(1)– H(1) interaction. The
solid and dashed arrows show off-diagonal elements of the protonI z8 and
carbonS1z8 polarization operators, as explained in the main text, respectively.
The direction of the arrows corresponds to the sign of the represented ele-
ment d At this stage, the weaker dipolar interaction is neglected and no
13C(2) signal is generated. In~b! this weaker dipolar interaction is treated as
a perturbation. The energy levels shift according to the Hamiltonian in Eq.
~16!, and the polarization operators acquire corrections of the order of
(d12 /d11)

2. In particular, theS2z8 operator acquires coherences shown by the
double arrows. Signals of both carbons will oscillate with the same fre-
quency 2(d111d12

2 /2d11) and the amplitudes will be proportional to
;(d12 /d11)

2 The statesu1& and u8& are not coupled to any other states and
therefore are not shown in the diagram.
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~11! with coefficientsd21 between H(2) and 13C(1) and d22

between H(2) and 13C(2). Because of the complexity of the
spin system the evaluations of the carbon signals must be
calculated numerically. An approximate solution can, how-
ever, be obtained assuming that the dipolar couplingsd11

5d225D are equal, as well asd125d215d, and thatD
@d. This is elaborated in the EPAPS material. For this spe-
cial case the contributions of the H(1) proton polarization to
both carbon signals, derived in the EPAPS material, are sim-
ply given by the expressions,

H(1)→13C(1):

S1~t!/S0
(1)5

g I

8gS
~12cos 2Dt!~31cos 2dt!,

~20!
H(1)→13C(2):

S2~t!/S0
(2)5

g I

8gS
~11cos 2Dt!~12cos 2dt!.

In contrast to the three-spin case, the amplitudes of the
signals are not explicit functions of the dipolar couplings.
The short time scale behavior of the cross peak intensities is
determined by the ‘‘active’’ dipolar coupling of the hetero-
nuclear spin pairs, corresponding to the specific cross peak.
We therefore expect that the initial buildup will be slower for
the H(1)– C(2) than for the H(1)– C(1) peak intensity. At
longer times both couplings become important and both
cross peaks can reach comparable intensities whend11>d22

andd12>d21. This is demonstrated in Fig. 4, where the sig-
nals of the three-spin$13C(1)H(1)–13C(2)% system are com-
pared with the signals of two four-spin systems
$13C(1)H(1)–13C(2)H(2)%. As was previously discussed, in the
three-spin system almost all proton H(1) polarization is trans-
ferred to the strongly coupled carbon13C(1). When a proton
is added to this system in such a way that the
$13C(1)H(1)–13C(2)H(2)% spin quartet is in a trans-
conformation, as in Fig. 4~c!, the initial buildup is much
slower for the cross peak of the weakly coupled pair
13C(2)H(1) than for the13C(1)H(1) cross peak. However, both
peaks reach about the same saturation level, as predicted in
Eq. ~20!. When the spin system is in thecis-conformation, as
in Fig. 4~b!, the strongly coupled carbon of13C(1)H(1) again
dominates the buildup, whereas the13C(2)H(1) cross peak

intensity stays small in contrast to Eq.~20!. The difference
between Figs. 4~b! and 4~c! can be explained by the fact that
in the cis-conformation thed11 and d22 coupling strengths
are hardly ever equal in polycrystalline samples, whereas in
the trans-configuration they are always equal. Thus Eq.~20!
only describes the latter geometry. The difference between
the leveling off values of the peaks is thus dependent on the
configuration of the spin system. The symmetry of the spin
systems predicts that the13C(2)H(2) and 13C(1)H(2) cross
peaks exhibit the same time dependence, as the13C(1)H(1)

and 13C(2)H(1) cross peaks in Eq.~20!. Thus the buildup
curves of the two carbons in 1D LG-CP experiments are the
same and are equal to the sum of the two curves in Figs. 4~b!
and 4~c!.

D. The four-spin system ˆH2
13C– 13C‰

In Fig. 5 we compare the powder buildup curves of a
13C(2) nucleus bound to a13CH2 group and of the13C(1)

carbon of the13CH2 group itself. Significant13C(2) carbon
polarization is generated in both instances, in contrast to the
polarization of13C(2) next to a13CH group. To understand
these results, we can perform an approximate calculation to
demonstrate the cross-polarization between the protons of
13C(1)H2 and a neighboring13C(2) in $13C(1)H2

(1,2)–13C(2)%.
To simplify this calculation, we have assumed~in reality they

FIG. 3. Simulated powder LG-CP buildup curves of13C(2) calculated for a
$13C(2)– H(1)% two-spin~solid line! and a$13C(1)H(1)–13C(2)% three-spin sys-
tem ~dashed line!. In the calculations the distance between13C(1) and H(1)

was 1 Å, between13C(2) and H(1) it was 2.1 Å, and the13C(1)–13C(2) dis-
tance was 1.5 Å.

FIG. 4. Simulated powder LG-CP buildup curves for the four-spin system
$13C(1)H(1)–13C(2)H(2)% with geometries shown in the figures. In all simu-
lations only the H(1) proton is initially polarized. The solid line with squares
represents the signal corresponding to C(1), and the solid line alone corre-
sponds to C(2). In ~a! the signals of the two carbons in a three-spin system
are shown (d215d2250), and in~b! ~c! the effects on the signals due to the
additional proton in acis- ~b! and atrans- ~c! conformation are shown.
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differ because of their orientation dependence! that the inter-
action coefficientsdCH between the carbons and the protons
in the spin system are equal,d(1)5d115d21 and d(2)5d12

5d22, where againd11, d21 and d21, d22 denote dipolar
couplings between spins13C(1) and H(1,2), and 13C(2) and
H(1,2), respectively. The following discussion provides,
therefore, only a physical insight into the spin dynamics of
the LG-CP process, and cannot be used for actual data analy-
sis. An explicit derivation of the buildup curves is given in
the EPAPS material.

In a single crystallite the LG-CP buildup curve for13C(1)

and the depletion of the proton signals in the three-spin sys-
tem $13C(1)H2

(1,2)% (d(2)50) become, respectively,

S1~t!/S0
(1)5

g I

2gS
~12cos 2&d(1)t!,

~21!
SH2~t!/S0

H25 1
4 ~31cos 2&d(1)t!.

In this three-spin system only half of the proton polarization
of H2 participates in the LG-CP process. Thus, in a powder

the buildup curve of13C(1) will reach an average value that is
equal to its equivalent in the two-spin system$13C(1)H(1)%.

As a result, the13C(2) in the $13C(1)H(1,2)–13C(2)% spin
system can be polarized by the H2 protons even whend(1)

@d(2). This is demonstrated in detail in the EPAPS material,
where the LG-CP signals of13C(1) and 13C(2) are derived.
When for simplicity we still assume thatd115d21 and d12

5d22, the single crystal results are, according to the EPAPS
material,

S1~t!/S0
(1)5

g I

2gS
~12cos 2&d(1)t!,

~22!

S2~t!/S0
(2)5

g I

4gS
~12cos 2&d(2)t!,

and

SH2~t!/S0
H25 1

8 ~512 cos 2o (1)t1cos 2&d(2)t!. ~23!

Powder integration yields polarizations on both carbons, de-
spite the large difference between the two interaction
strengths. This is demonstrated in Fig. 5~c!, where simulated
buildup curves for this simplified spin system are shown.
Only numerical calculations can provide us with theoretical
LG-CP buildup curves for more realistic parameters, as
shown in Fig. 5~b!. In experiments involving13CH2 groups,
the effective interactions between the carbon and its two pro-
tons in a crystallite are not equal and the spin evolution is
expected to be more complicated. However, the fact that not
all H2 proton polarization is transferred to their nearest
neighboring carbon is still valid, as well as the polarization
transfer to more remote carbons. Results from numerical
simulations in Fig. 5~b! demonstrate this effect very clearly.

E. Off-resonance effects

Up to this point we have ignored the offset terms in the
average interaction Hamiltonian in Eq.~6!. We pointed out
previously that the offset terms reintroduce some small
effective homonuclear proton–proton interactions. How-
ever, the effect of these interactions on the spin dynamics
of the LG-CP polarization exchange is small12 and can
be ignored. Following the derivation of Eq.~6! a proton
with an off-resonance value ofDv i contributes a term
(Dv i2Dv)cosumIiz to the average interaction Hamiltonian.
These terms can become significant when they are of the
same order or larger than the effective heteronuclear interac-
tion strengths. To understand their effects on the spin dynam-
ics, it is sufficient to consider a two-spin13CH(1) system
subjected to the proton off-resonance term,

H̄52d~ I 1S21I 2S1!1DI z . ~24!

Here the dipolar interaction term of Eq.~6! is replaced by a
real coefficientd and D5(Dv12Dv)cosum. During the
LG-CP mixing time the carbon polarization increases as a
function of time according to31

S~t!/S05
g I

2gS
sin2 Q~12cosd̄t! ~25!

with

FIG. 5. Simulated powder LG-CP buildup curves calculated for a four-spin
system$13C(1)H2–13C(2)% with geometries shown in the figures. The solid
lines with squares represent signals corresponding to13C(1), and the solid
lines to 13C(2). In ~a! the signals of the two carbons in a three-spin system
are shown, and in~b! and ~c! the effects of the additional proton in the
non-collinear~b! and collinear~c! (H–13C(1)– H) conformation are shown.
The carbon–proton C(1)– H(1,2) and C(2)– H(1,2) distances were kept constant
with the C(1)– H(1) and C(1)– H(2) distances equal to 1 Å and the C(2)– H(1)

and C(2)– H(2) distances are 2.1 Å. The proton–proton interactions were set
to zero in order not to mix the effects due to residual proton–proton dipolar
interactions and the effects generated by the heteronuclear effective Hamil-
tonian.
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d̄5Ad21D2 and tanQ5
d

D
.

As long as the dipolar coupling is larger than the offset term,
d@D, its effect will be relatively small. However, when the
offset exceeds the dipolar coupling,D>d, the amplitude of
the oscillation described by Eq.~25! decreases, whereas the
frequency increases.

The situation is similar in larger spin systems. As an
example, we considered a three-spin (H(1)–13C– H(2)) sys-
tem consisting of two protons and one carbon. In Fig. 6 the
two carbon buildup curves originating from H(1) and H(2) as
a function of the offset of H(2) are shown. When the offset is
set to zero, both buildup curves are identical since the pro-
tons are identical. When the offset value becomes compa-
rable with the dipolar interaction between the H(2) proton
and the carbon, the H(2)→13C polarization transfer gets re-
duced. When the offset is much larger than the dipolar inter-
action, the H(2) proton does not participate in the spin dy-
namics, since the effective field for this proton does not
satisfy the Hartmann Hahn condition, and the spins behave
like an isolated13CH(1) spin pair.

IV. RESULTS AND DISCUSSION

A. †U– 13C‡ tyrosine.HCl

LG-CP experiments were performed on a sample of
@U–13C# tyrosine.HCl. The results presented below have
been published earlier, but were not analyzed explicitly.11 We
will therefore focus on the analysis of these results in the
framework of the theory represented in the previous section.
In particular, we will discuss the polarization transfer pro-
cesses taking place between the 48-13C carbon and its near-
est four protons. According to neutron diffraction data, these
four protons are the 48-OH phenolic proton, 1.982 Å away
from 48-13C, the two aromatic protons 38-H and 58-H at
2.150 and 2.148 Å, respectively, and the 1-OOH proton of a
neighboring molecule in the crystal at 2.521 Å. The latter is
the hydrogen bonding proton formed by the 48 hydroxyl
group and the 1-OO2. The crystal arrangement is shown in
Fig. 7.

The individual polarization transfer curves of 48-13C
were extracted from the 3D LG-CPMAS experiment shown
in Fig. 1~b!. The intensities of the cross peaks, shown in Fig.
7~a!, are a function of the LG-CP mixing timet. The polar-
ization from the 48-OH proton shows a fast buildup with a
maximum at about 0.4 ms. In contrast, the buildup curves
from the 38-H and 58-H protons are much slower and less
effective, despite the fact that the distances between these
protons and the 48-13C carbon are similar to that between
48-OH and 48-13C. These data can be qualitatively under-
stood by comparing their spin dynamics with that of the
simplified three-spin model described in the previous sec-
tion. The interactions of the aromatic protons with their di-
rectly bonded carbons (r;1 Å) are much stronger than their
interactions with the remote 48-13C. Accordingly, the

FIG. 6. Simulated powder LG-CP buildup curves calculated for the carbon
in a $H(1)–13C– H(2)% system as a function of the off-resonance value of the
H(2) proton. In the calculations the C– H(1,2) distances were the same and
equal to 2.1 Å. The H(1) proton was kept on resonance. In~a! the H(2) proton
is on-resonance, in~b! at an off-resonance value ofDv251 kHz and in~c!
at 2.5 kHz.

FIG. 7. The arrangement of two molecules in crystalline L-tyrosine.HCl,
according to neutron diffraction data~Ref. 32! with the intermolecular hy-
drogen bonding indicated by the dashed line. The experimental and calcu-
lated LG-CP buildup curves of the 48-13C carbon recorded by 3D LG-CP
experiments, and originating from the 1-OOH~circles!, 48-OH ~squares!,
38-H ~upper triangles!, and 58-H ~diamonds! protons, are shown in~a! and
~b!, respectively. The experimental data were scaled to equalize the maxi-
mum intensity of the 48-OH buildup curve with the corresponding simu-
lated one.
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(38-H) – (38-13C) and (58-H) – (58-13C) spin systems be-
have like isolated spin pairs and only a very small fraction of
the proton magnetization can be transferred to the 48-13C.
However, the 48-OH does not have a directly bonded13C
and its proton magnetization will be transferred to the
48-13C. Thus, the polarization transfer between the 48-13C
and 48-OH becomes similar to a two-spin system. The inter-
actions between the 48-13C and 48-OH spins and more re-
mote spins come into play at a longer time scale and bring
about a leveling off of the signal similar to the effects ob-
served for the natural abundant13C in alanine.12 The polar-
ization from the 1-OOH proton builds up slowly and reaches
a value somewhat smaller than that from the 48-OH proton.
In addition to being farther away from the 48-13C than the
48-OH, this proton has a 1-13C, which is relatively close
~1.886 Å!. Therefore, the polarization transfer process be-
tween the 1-OOH and the 48-13C is partially truncated by its
stronger(1-OOH)-(1-13C) interaction.

The theoretical curves in Fig. 7~b! were calculated
by taking into account the real geometry of the system.
wo spin systems consisting of six spins each:
$48-OH,1-OOH,48-13C,1-13C,38-H,38-13C% and
$48-OH,1-OOH,48-13C,1-13C,58-H,58-13C% were consid-
ered. The simulated build-up curves corresponding to 48H
→48-13C and 1-OOH→48-13C were multiplied by exponen-
tial decay functions with a decay rate of 1.43103 s21 and
53102 s21, respectively. As can be seen in Fig. 7, the agree-
ment between the experiment and the simulation is quite
satisfactory, in particular the values of the frequencies of
oscillations. Some of the discrepancies, in particular, the de-
cay of the 48-H→48-13C curve and the increase of the
38-H→48-13C and 58-H→48-13C curves, must be attributed
to multispin interactions in the sample and Hartmann–Hahn
mismatches due to RF inhomogeneities. These effects are of
course not taken into account during six-spin simulation.
They should also be responsible for the decay of the oscilla-
tions, introduced in the simulations by the above mentioned
decay rates. Thus the complexity and the size of the system
allow only qualitative analysis of whole experimental data.
However, the oscillations that are mainly due to short dis-
tance interactions can be attributed to local conformations.
Overall, the experimental data support the conclusions of the
Theory.

B. †U– 13C, 15N‡ histidine.HCl

The interpretation of the LG-CP buildup curves of
the quaternary (4-13C) carbon in @U–13C, 15N] –
histidine.HCl.H2O sample represents a much more challeng-
ing problem. Here, both the effects typical for$13CH2–13C%
spin systems and the offset effects discussed in the Theory
become evident. In addition, a relatively large number of
spins participate in the spin dynamics and they all should be
taken into account in the simulations. Figure 8 presents the
molecule schematically. The quaternary carbon does not
have directly bonded protons and is approximately equidis-
tant from the proton of the ring nitrogen (2-15N), and from
the two protons of the Cb carbon. Both proton–carbon inter-
action strengths are about 3 kHz. However, these13CH2 and

15NH protons have different isotropic chemical shifts and the
efficiency of the polarization transfer, originating from these
protons, is expected to be strongly dependent on the exact
position of the proton carrier frequency. Figure 8 shows the
2D heteronuclear correlation spectra obtained with different
carrier positions. In Fig. 8~a! the proton RF frequency was
chosen to maximize the transfer from the13CH2 protons. The
cross peak between the13CH2 protons and the 4-13C carbon
is present in the spectrum and indicated by an arrow. The
three cross peaks, corresponding to the cross polarization
from the 2-15NH proton, the 3-15NH proton, and the15NH3

protons to the quaternary carbon 4-13C are diminished. This
is further supported in Fig. 9~a!, where the cross peak inten-
sities are shown as a function of the LG-CP mixing timet.

Clearly, most of the polarization comes from the13CH2

protons, despite the fact that the13CH2 protons are strongly
coupled to their13Cb-carbon. This result is in agreement with
the theoretical predictions of the previous section, where the
(13CH2–13C) spin system was analyzed. The polarization
transfer from other protons is markedly suppressed due to
off-resonance effects as explained above. The experimental
results agree well with the simulations shown in Fig. 9~b!. A
9-spin system, consisting of 7 protons (CH2, NH3, 2-NH,
and 3-NH! and 2 carbons (2-13C and 4-13C) was considered
in this simulation. The fast exchange dynamics of the NH3

protons was explicitly taken into account in the simulations.
The values of the carbon and proton RF fields and their
offset frequencies were derived from the experiment.

In a reverse experiment the proton carrier frequency is
positioned to maximize the transfer from the 2-15NH,
3-15NH, and 15NH3 protons to the 4-13C carbon and their
corresponding cross peaks are enhanced, whereas the cross
peak from the13CH2 protons is significantly reduced, as evi-
dent from Figs. 8~b! and 9~c!. The difference between the

FIG. 8. The structure of@U-13C, 15N] histidine.HCl.H2O and 2D hetero-
nuclear correlation spectra obtained from the experiment shown in Fig. 1~b!
with t50.8 ms. The spectrum in~a! results from an experiment in which the
polarization transfer efficiency between the protons of Cb and 4-13C was
maximized. An arrow points to the corresponding cross peak. The cross
peak intensities corresponding to 2-15NH and 3-15NH with 4-13C are below
the contour limits. In 2D LG-CP spectrum in~b! the proton carrier frequency
was moved and the cross peaks between the 2-15NH and 3-15NH protons
and 4-13C become stronger~indicated by arrows!, whereas the polarization
transfer with the protons of13CH2 is significantly reduced.
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effective fields experienced by the carbon and these13CH2

protons becomes larger than the effective LG-CP interaction
strength, and hence the Hartmann–Hahn condition is vio-
lated. This effectively removes these protons from the spin
dynamics. Figure 9~d! shows the simulated buildup curves
originating from the different protons. Clearly the polariza-
tion transfer is dominated by the 2-15NH proton, since it is
the closest to the quaternary carbon, does not have carbons
nearby, and its offset satisfies the Hartmann–Hahn condition.
In contrast, the13CH2 protons become less involved in the
spin dynamics, in agreement with the results of the theory.

V. CONCLUSIONS

We have shown that coherent processes dictate the po-
larization transfer spin dynamics in high spinning LG-CP
experiments. The coherent effects manifest themselves in the
dependence of the oscillation frequencies and the leveling-
off values on the dipolar couplings. Usually, initially polar-
ized protons transfer most of their polarizations only to the
strongly coupled carbons and the polarization transfer to
weakly coupled carbons is substantially reduced. An excep-
tion occurs when the CP process involves the13CH2–13C
spin system. Here a significant portion of the13CH2 proton
polarization can be transferred to remote carbons despite the
presence of a strongly coupled carbon. This implies, from a
practical point of view, that the analysis of the polarization
transfer processes requires considering large spin clusters,
perhaps with the exception of the strongly coupled spin
pairs. The presence of discrete oscillations in the buildup
curves can of course provide structural information. How-
ever, they must be analyzed carefully taking into account
possible multispin conformations. Favorable cases exist

where precise structural information can be obtained, and the
accuracy improves when appropriate spin systems are used
in computer simulations.

At this stage of development of the LG-CP methods for
structural studies of peptides and proteins they provide a
quantitative approach for short carbon–proton distance mea-
surements, and a qualitative tool for estimating longer dis-
tances and multispin configurations. Comparison between
the buildup curves of the labeled and nonlabeled samples can
provide additional structural insight. Further simplifications
of the spin dynamics by deuteration of the samples are de-
sirable for more accurate proton–carbon distance determina-
tion. Extensions of the LG-CP approach will be necessary to
improve its potential to provide accurate structural informa-
tion.

Regular ‘‘on-resonance’’ CP experiments are not very
sensitive to the choice of the proton carrier frequency, be-
cause high intensity RF fields on the proton channel truncate
all chemical shift terms to a high degree. However, the situ-
ation is quite different in the LG-CP experiments. There, the
offset terms add up with the large LG-offset term. This may
change the effective field significantly, and remove the pro-
ton from the Hartmann–Hahn condition, resulting in a reduc-
tion of the polarization transfer efficiency. It remains to be
seen whether by controlling offset values and spin labeling,
LG-CP buildup curves can help in determining the secondary
structure.
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